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Phase dependencies of the human baroreceptor-cardiac re ex. Am. J. Physiol. ??? (Heart Circ. Physiol. ??): H???-H???, 199?|We studied the in uence of both respiratory and cardiac phase on responses of the cardiac pacemaker to brief (0.35 s) increases of carotid baroreceptor a erent tra c provoked by neck suction in seven healthy young adult subjects. Cardiac responses to neck suction were measured indirectly from electrocardiographic changes of heart period. Our results show that it is possible to separate the in uences of respiratory and cardiac phases at the onset of a neck suction impulse by a product of two factors, one depending only on the respiratory phase and on depending only on the cardiac phase. This result is consistent with the hypothesis that e erent vagal activity is a function of a erent baroreceptor activity, while respiratory neurons modulate that medullary throughput independent of the cardiac phase. Furthermore, we have shown that stimulus broadening and stimulus cropping in uence the outcome of neck suction experiments in a way that makes it virtually impossible to obtain information on the phase-dependency of the cardiac pacemaker's sensitivity to vagal stimulation without accurate knowledge of the functional shape of stimulus broadening. (Accepted for the Modeling in Physiology section).
index terms: autonomic nervous system, neck suction, barore ex latency, phase response curve, modeling ALTHOUGH SEVERAL METHODS are available for stimulating or inhibiting human baroreceptors with precisely controlled pressure changes, and although methods are available for measuring the integrated e erent neural responses precisely, the simplicity of such research masks the great complexity of the underlying mechanisms.
Since the human barore ex is a closed loop, it is di cult to distinguish between cause and e ect when changes of physiological variables are provoked. Attempts have been made to overcome this problem by`opening the loop' with drugs or mechanical means. One approach has been to study responses to stimuli whose duration is less than that of the total time delay of the barore ex loop. This approach is quite useful in studies of fast vagal responses to baroreceptor stimulation, but it is not appropriate in studies of sympathetic responses, because of the slow dynamics of sympathetic e ector responses.
Another approach is to use mathematical models of the barore ex loop (which should a priori be closed loop), and to compare the output of the model with experimental results. Parameters of the model can be changed to give the best t of experimental data. Using this approach, one can get valuable insight into the system and test hypotheses about what is cause and what is e ect. Such a model should relate data which are di cult to access, such as vagal activity, to noninvasively measurable data, such as heart rate, blood pressure, and respiration. As a step in that direction two of us published a nonlinear model for the short-term dynamics of the baroreceptor control loop (17) .
A serious di culty in modeling the barore ex loop is the limited knowledge regarding information processing in the medulla. It is well known that the magnitude of vagal responses depends on the timing of baroreceptor stimuli within the respiratory and cardiac cycles (2, 9, 12, 5, 6, 19) . However, these studies investigated only the e ect of stimulus timing within either the respiratory or the heart cycle.
Since such data are essential for the formulation of a model, we studied the dependency of human barore ex responses on both respiratory and cardiac phases with non-invasive methods. We are aware of no earlier study in which phase response relations were functions of both phases. Furthermore, we investigated in great detail the in uence of the duration of baroreceptor stimuli on the outcome of neck suction experiments. It is well known that the sensitivity of the cardiac pacemaker with respect to short vagal stimulation depends on the cardiac phase. This was investigated by Yang et al. (19) who used electrical stimulation of vagal nerves. However, the duration of baroreceptor stimuli is much longer than that of these electric vagal impulses. Therefore, the response of the cardiac pacemaker is smoothed or averaged over the duration of the baroreceptor stimulus. In addition, the e ect is reduced when a P-peak occurs while the stimulus is active and, therefore, only a part of the stimulus can contribute to a change of the current P-P interval.
Our results suggest that the in uence of stimulus timing on the magnitude of vagal responses can be considered as the product of two independent factors, each depending only on the timing within the respiratory or the cardiac cycle. Furthermore, our analysis indicates that cropping of stimuli by P-P interval borders as well as smoothing of the cardiac pacemaker's responses due to the nite duration of stimuli are signi cant and need to be taken into account for the interpretation of data from baroreceptor stimulation.
methods
We used brief, moderate carotid baroreceptor stimuli to investigate the importance of stimulus timing within both breathing and cardiac cycles for P-P interval responses. Mathematical modeling was used to extract some features of the results.
Subjects. We studied seven adult volunteers ( ve male, two female) after they gave written consent to participate in this study which was approved by the human research committees of the Hunter Holmes McGuire Department of Veterans A airs Medical Center and the Medical College of Virginia. All subjects were healthy and none were taking medications; their ages ranged from 24 to 33 years. We discarded data from two subjects (both male). One subject could not control his breathing adequately, and another had extremely small responses to neck suction.
Measurements. Subjects were studied supine. We recorded the following measurements with an FM tape recorder: electrocardiogram, photoplethysmographic arterial pressure (Finapres Model 2300, Ohmeda, Englewood, CO), respiratory ow (ultrasonic ow measurement), neck chamber pressure (strain gauge pressure transducer). We did not measure end-tidal carbon dioxide concentration.
Each subject was studied during three sessions on di erent days at the same time of the day. Each session consisted of three parts, each comprising rest periods (20 min, 10 min, 10 min), baseline periods (10 min, 5 min, 5 min), and stimulation periods (15 min, 15 min, 15 min). During each stimulation period the whole heart cycle was scanned in alternating directions (see below).
Subjects maintained constant tidal volumes and breathing frequencies. The neck chamber was taken o for the duration of the rest periods to avoid distortions of responses due to neck discomfort.
Neck pressure. Carotid baroreceptor a erent activity was increased brie y (0.35 s) by pressure (?70 mmHg) applied to a neck chamber (3) . Stimuli were initiated after a preset delay following the upstroke of an R wave of the electrocardiogram. The delay between the R wave peak and the beginning of the stimulus was changed stepwise to scan the entire heart cycle. The respiratory cycle was scanned by chance since stimuli were applied in intervals of about 11 s and the duration of three respiratory periods was 12 s.
Control of breathing. We made measurements of baseline and stimulation R-R intervals during controlled breathing at 15 breaths/min, and constant tidal volume, established by each subject during quiet breathing. The subjects wore head phones and were instructed to follow a computer-generated acoustic signal for frequency control. Two horizontal lines were displayed on an oscilloscope, representing current and target tidal volumes. The usual volume was established by each subject during the rst rest period. Afterwards, subjects were instructed to breathe in until the bottom line reached the line representing the target tidal volume.
Data analysis. Recorded data were digitized with a sampling frequency of 500 Hz. Characteristic events were marked: R wave peak, onset of inspiration, beginning of neck chamber impulse. We calculated the timing of P waves assuming a constant P-R interval for each subject. This assumption was tested for one subject by manually marking all P wave peaks of a 250 s data section during stimulation. The average P-R interval was 149 5 ms ( S.D.) with a maximum deviation of 11 ms, while changes of P-P interval due to baroreceptor stimulation were up to 200 ms. This analysis justi es the approximation of constant P-R intervals.
Inspiration onset was de ned as the time when the increasing respiratory ow crossed a preset positive threshold. We chose a threshold of 5% of maximum ow. This was slightly larger than the uctuations of ow at end-expiration. The following analyses are based on the time series of these marker events. The prolongation of heart period provoked by a neck stimulus is superimposed upon slow variations of the mean P-P interval (< 0:1 Hz), respiratory sinus arrhythmia (RSA) and some remaining variations considered as noise. To extract the direct e ect of the barore ex stimulus, it was necessary to subtract these other P-P interval variations from the total prolongation. Slow variations of P-P intervals were eliminated by a Gaussian lter applied in the time domain. Respiratory sinus arrhythmia was removed by linear prediction using an autoregressive model. Noise was reduced by averaging.
Gaussian lter. A Gaussian lter has the shape of a Gaussian curve in both time and frequency domains. With a center frequency of 0 Hz, it is a low pass lter. In the following, we consider the residue of the time series of heart periods after subtraction of the ltered series. The equation for the Gaussian lter is x 0 (t) = p 2 (1) We used 0.1 Hz for , the standard width of the lter. The function x(t) is the spline interpolated series of heart periods, and x 0 (t) is the time series after Figure 1: Time series of P-P intervals for a baseline period (controlled breathing, no baroreceptor stimulation). The ECG signal for the expanded P-P interval sequence is also shown. This time series was used for the demonstration of data processing methods in Figures 2 and 3. ltering. We denote the residue x(t) ? x 0 (t) by x 00 (t). Figure 1 shows some raw heart period data during baseline. The corresponding spectra before and after Gaussian ltering and linear prediction are depicted in Fig. 2 . Spectra were calculated using the Lomb algorithm (15) which is appropriate for unevenly sampled data, such as heart period. Low-frequency-oscillations of the heart period were almost completely removed up to 0.1 Hz, and were signi cantly reduced up to 0.15 Hz.
Linear prediction. We predict respiratory sinus arrhythmia to subtract its in uence from the heart period of the stimulated and the subsequent heart beat. The equations are
a i x 00 (t ? i t) (2) for the stimulated and
b i x 00 (t ? i t) (3) for the subsequent interval. We used a delay t of 1 s. It was necessary to start with i = 3 in equation (3) since the immediate history of this heart cycle is already in uenced by the stimulus.
The coe cients a i and b i signify the correlations between the P-P interval we want to predict and the preceding P-P intervals. They were calculated by least squares methods from the baseline immediately preceding the considered stimulation period. The residue x 000 (t) = x 00 (t)?RSA(t) should be the prolongation of the heart interval caused solely by neck suction, with some noise superimposed. Figure 3 shows the autocorrelation function of the Gaussian-ltered time series x 00 (t) of P-P intervals from Fig. 1 before and after removal of respiratory sinus arrhythmia. The integrated power of respiratory sinus arrhythmia was reduced by 96.5% for a linear prediction model according to equation (2) . For time series without baroreceptor stimulation, the remaining correlations can be reduced further by increasing the order of the model (see the curve for order 15 in Fig. 3 ). We restricted ourselves to an order of seven, since otherwise, the required history is in uenced by previous stimuli for time series with stimulation. Figure 1 before ltering, after ltering, and after ltering and removal of respiratory sinus arrhythmia by linear prediction. We depicted only a subsection of the time series used for the calculation of spectra to make it easier to see the e ects of ltering and linear prediction. P m+p i=1+p a i x 00 (t ? i t), where m is the number of cardiac periods used for the prediction, and p is the number of cardiac periods that immediately precede the predicted interval but that are not used for prediction since they might already be in uenced by the stimulus. Symbols are added to make it easier to distinguish the curves.
Classes and removal of outliers. We sorted the stimuli according to their timing within both respiratory and heart cycles. The respiratory period was split into 5 subintervals of equal length, and the heart period was split into 8 subintervals. That is, we had 40 di erent classes with an average of 20 points per class and subject. Stimuli were assigned to these classes according to the time of the onset of neck suction. That is, each stimulus belonged to one of the 40 classes and had a value of x 000 for its prolongation of the heart interval.
Subsequently, the points in each class were averaged after the removal of outliers. There were di erent causes that could produce outliers. For example, subjects moved their arm or swallowed. For each class we sorted all points according to their value x 000 , calculated mean and standard deviation of the inner 86% of points, and removed all points that had a distance from the mean greater than three times the standard deviation. Classes with less than ve remaining points were discarded.
Normalization of phase response curves. There are several ways to juxtapose stimulus responses of di erent subjects. One can compare stimuli with the same absolute time between the rst P-peak of the considered heart interval and stimulus onset, or one can normalize this time by the mean P-P interval. Using the absolute time has a great disadvantage: for subjects with di erent resting heart rates, the same absolute time can mean that for one subject the stimulus begins in mid-repolarization, while for another subject it begins in early-depolarization. Therefore, we normalize the absolute time by dividing by the resting heart period, which results in the cardiac phase. The response to a stimulus begun at a given cardiac phase means for all subjects the response to a stimulus which is initiated in the same part of the cardiac cycle. Independently of the timing of a stimulus, the magnitude of the response depends on the subject's sensitivity to neck suction and may also depend on the baseline P-P interval. To take this into account, we normalize the responses for each subject by dividing by the subject's maximum occurring prolongation.
To summarize, adding together the normalized responses of di erent subjects for stimuli begun at a given cardiac phase means adding together the percentages of P-P interval prolongation with respect to the subject's maximum prolongation for stimuli initiated in the same part of the cardiac cycle.
results
Raw data. Figure 4 shows a sample of raw data during stimulation for the rst subject. The recorded tracks are respiratory ow, ECG, blood pressure, and neck chamber pressure. In Fig. 5 we de ne some of the variables we will use in the following discussion.
In uence of cardiac phase. Figure 6 shows the in uence of stimulus timing within the P-P interval on the change of heart period t pp . Timing is represented by the phase s of the cardiac pacemaker at stimulus onset, i.e. the time between the opening P-peak of the considered heart beat and the beginning of baroreceptor stimulation, divided by the mean P-P interval of the preceding control period t pp?mean . The response is averaged over all respiratory phases.
We take into account that there is a substantial (with respect to the heart period) delay between a change of carotid sinus pressure and its rst e ect on the cardiac pacemaker (we use a delay of = 0:35 s somewhere between the values of 0.24 s determined by Eckberg (4) and 0.55 s determined by Borst and Karemaker (1); see also the discussion in Appendix III). For example, if we apply a neck suction impulse exactly at the opening P-peak of a heart cycle (t stimulus = t p?peak , see Fig. 5 ), the stimulus reaches the cardiac pacemaker about 0.35 s later. That is, the phase of stimulus onset with respect to the cycle of the cardiac pacemaker is not zero but about one third. More general, Figure 5 : De nition of the variables t p?peak , t insp?beginning , t stimulus , and stimulus duration . t p?peak was not measured directly but calculated from the measured timing of R-peaks, assuming an average P-R interval. Data are from subject 3.
t 0 stimulus = t stimulus + is approximately the time the stimulus occurs at the cardiac pacemaker, and s = (t 0 stimulus ?t p?peak )=t pp?mean is the corresponding cardiac phase. If the phase is negative, the stimulus arrives before the beginning of the considered heart interval. We emphasize that the relations in Fig. 6 do not describe the momentary sensitivity of the cardiac pacemaker at the corresponding heart phase but the response to a stimulus of 0.35 s duration. As a consequence, the response shown in Fig. 6 is the sensitivity of the cardiac pacemaker at di erent phases, integrated over the duration of the stimulus and superimposed with limitation e ects that occur when only a part of the stimulus coincides with the current heart interval. Therefore, it would be desirable to use stimuli as short as possible in order to avoid these problems. However, neck stimuli should be of more than 0.25 s duration to provoke signi cant prolongation of heart period (4). Figure 6a shows the response curves for all ve subjects. Figure 6b shows the curves normalized by dividing by their maximum response. Since the magnitude of responses di ers among subjects, this normalization allows a better comparison of the phase dependency. Figures 6c and 6d show the mean response curves ( S.D.) averaged over all subjects.
For all subjects, the heart period was prolonged maximally when the stimulus was initiated shortly after the beginning of the heart cycle. Almost no prolongation occurred near the end of the cycle. Some points for large cardiac phases seem to indicate cardiac cycle shortening. However, cycle shortening is not signi cant since the smallest occurring change of P-P interval is ?15 13 ms ( S.D.).
In uence of respiratory phase. Figure 7 depicts the in uence of the timing of stimuli within the respiratory cycle on the prolongation of heart period. We averaged responses over all cardiac phases. We assumed that the respiratory in uence originated from information processing in the central nervous system. Stimulation of the baroreceptor a erents by pressure stimuli occurs nearly instantaneously (11) and the time that activity requires to travel to the central nervous system is negligible in comparison with the respiratory period (10) . Therefore, for the respiratory phase response curve we did not shift the time axis as for the phase response curve of the cardiac pacemaker, i.e. the respiratory phase r is de ned as the time between inspiration beginning and stimulus onset, normalized by the duration T resp of the considered respiratory cycle: r = (t stimulus ? t insp?beginning )=T resp (compare Fig. 5 ). Figure 7a shows the response curves of all subjects; Figure 7b shows the curves, normalized by dividing by their mean response (average over the respiratory cycle). Figures 7c and 7d depict the mean response curves for all subjects. Minimum prolongation occurs when the stimulus is applied during early inspiration. Prolongation is maximal in mid-expiration.
In uence of both respiratory and cardiac phase. Figures 8a and 8b display the prolongation of heart period for two subjects as a function of the cardiac phase with the respiratory phase as a curve parameter. Figure 8c depicts the averages of all subjects.
These gures show how the prolongation of P-P interval depends on stimulus timing within the cardiac and respiratory cycle. We divide the respiratory cycle into ve bins, corresponding to the ve intervals 0; 0:2), 0:2; 0:4), 0:4; 0:6), 0:6; 0:8), 0:8; 1) for the respiratory phase r . For each of these bins we plot a curve which displays how the change of heart period depends on the phase of the cardiac pacemaker at stimulus onset for those stimuli that fall into the considered respiratory bin. The graphs show very clearly the dependency of the change of P-P interval t pp on both the respiratory and the cardiac phases. Furthermore, the presentation of both phase dependencies in one graph allows the following analysis of the relations between the di erent phase response curves. We have demonstrated so far how we extracted the phase dependencies from our data. In the discussion, we present some tests to show that our data handling does not distort the outcome signi cantly. We now use the obtained functions to obtain insight into physiological mechanisms. For this purpose, we formulate and test a functional relationship between the di erent phase response curves.
In general, the response t pp is a function of both respiratory phase r and cardiac phase s : t pp = f( s ; r ) : (4) If f( s ; r ) is the product of two factors f 1 ( s ) and f 2 ( r ), each depending only on one phase, one can represent f( s ; r ) as f( s ; r ) = f 1 ( s )f 2 ( r ) :
We want to relate f 1 ( s ) and f 2 ( r ) to our measured cardiac phase response curve f s ( s ) and to the measured respiratory phase response curve f r ( r ) , which are de ned by f s ( s ) = hf( s ; r )i r ; (6) where the hi r indicates averaging over the respiratory phase, with cardiac phase xed, and f r ( r ) = hf( s ; r )i s : 
The left hand side of Eq. 8 corresponds to the normalized phase response curves of Fig. 8c , while the two factors of the right hand side correspond to the normalized cardiac phase response curve of Fig. 6d and to the normalized respiratory phase response curve of Fig. 7d . Thus, we can use equation (8) to calculate the two-dimensional response curve f( s ; r )= hf( s ; r )i r ] max from the one-dimensional response curves (Figs. 6d and 7d) . If that calculated twodimensional response curve coincides with the measured curves of Fig. 8c , our assumption (5) would be justi ed.
In Fig. 8d we depict the theoretical response curves. They are clearly within standard deviation range of the measured curves (standard deviation among subjects). Hence, we have shown that the total prolongation of heart period by a carotid sinus pressure pulse is consistent with the hypothesis that it is the product of two factors, one depending only on the respiratory phase and one depending only on the cardiac phase. These two factors are proportional to the one-dimensional response curves of Figs. 6d and 7d.
Modeling the in uence of nite stimulus duration. As mentioned, earlier studies using neck suction usually did not explicitly analyze the fact that (due to the nite duration of pressure pulses) a physiological baroreceptor stimulus (an arterial pulse) does not occur at just one cardiac phase, but covers a phase range. Therefore, one does not measure the sensitivity of the cardiac pacemaker at the phase of stimulus onset, but a response which is the cardiac pacemaker's sensitivity smoothed over the whole phase range covered by the stimulus. Furthermore, if the considered heart cycle starts or ends while the stimulus is active, the e ect of the pressure pulse on the heart period is diminished, since only a part of the stimulus can in uence the current cycle. Neck suction experiments usually use stimulus durations of at least 0.25 seconds, i.e. a quarter of a usual heart period. Hence, smoothing and stimulus cropping e ects are signi cant for the interpretation of stimulus responses.
Therefore, we will now address the following questions: What information can be obtained from our measured phase dependencies about the barore ex latency, stimulus broadening, and the phase dependency of the cardiac pacemaker's sensitivity to vagal stimulation. Furthermore, we will try to estimate how the nite stimulus duration in uences the results.
Let us denote the time course of baroreceptor activity changes due to a stimulus of duration by s(t), where t is the time since stimulus onset. The neural activity is delayed and broadened on its way to the cardiac pacemaker. We assume that this e ect can be described by the convolution integral
The function s 0 (t) is the vagal activity that reaches the cardiac pacemaker at time t after stimulus onset, and g(t ? ) models stimulus broadening and delay. The value of g(t? ) describes how much baroreceptor activity at time arrives at the cardiac pacemaker at time t. A stimulus of the considered nite duration changes the heart period by F( ), where is the time between the rst P-peak of the investigated heart period and stimulus onset. We assume that the cardiac pacemaker has a phase-dependent momentary sensitivity f( ), i.e., f( ) is the response to a Dirac-Delta-impulse at time after the rst P-peak of the heart cycle. Furthermore, we assume that responses add linearly, i.e.
where T is the undisturbed heart period. Using Eqs. 9 and 10 in conjunction with appropriately chosen functions s(t), g(t ? ), and f( ), we can estimate the response to a nite baroreceptor stimulus. To test how the results depend on the choice of these three functions, we use two di erent function types (I and II) for each of them and calculate the response F( ) for each of the eight combinations. The function types are de ned in Appendix II. s I (t) describes a rectangular response of baroreceptor activity: the activity is increased by a constant value for the duration of the neck suction impulse. s II (t) describes a more di erential behavior according to experimental results from Landgren (11), i.e. the baroreceptor response is not constant but decaying while the stimulus is active. The functions g I (t) and g II (t) are simply two di erent functional shapes for the time course of stimulus broadening. Function f I (t) models a constant (i.e. phase-independent) sensitivity of the cardiac pacemaker, while f II (t) is a more realistic description according to a mathematical model of the sinus node by Reiner et al. (16) .
The essential parameters of the model are the time between the occurrence of a Delta-impulse and its rst e ect on the cardiac pacemaker, the time between rst and maximum response of the cardiac pacemaker to such an impulse, the parameter which is a measure for the width of stimulus broadening, and the amplitude of responses A. For all of the eight possible combinations of the above de ned functions, we use Powell's method (15) to determine the four parameters , , , and A which give the best approximation (least squares) of the measured cardiac phase response curve by the calculated function F( ). In this case, the measured phase response curve is the function from Fig. 6 , but without the phase shift according to the barore ex latency. We need to use the unshifted curve here to be consistent with the modeling of the barore ex latency by g(t). Figure 9 shows the measured cardiac phase response curve and the tted theoretical response F( ) for the eight possible combinations. For each, we nd parameters that give a theoretical curve which is in standard deviation range of the measured curve. However, the parameters vary considerably: the time between stimulus onset and rst e ect on the cardiac pacemaker is = 200 130 ms ( S.D.), the time between rst and maximum response to a Deltaimpulse is = 495 340 ms, the parameter describing the width of stimulus broadening is = 280 150 ms, and the time between the occurrence of a Delta-stimulus and its maximum e ect on the cardiac pacemaker is + = 690 230 ms. Hence, the absolute values of the parameters determined by the t should not be overestimated. On the other hand, their variability indicates that many di erent sets of parameters can approximate the measured curve F( ). An important result of our calculations is that not only a realistic phasedependent sensitivity of the cardiac pacemaker f II (t), but also a phase-independent sensitivity f I (t) can reproduce the measured phase response curve. That is, our results suggest that the measured phase response curve does not contain enough information to determine the phase dependency f(t) if no additional very accurate information on s(t) and g(t) is available. They rather indicate that the measured phase dependency is mainly an e ect of stimulus broadening and stimulus cropping. In other words, our results suggest that it is di cult or even impossible to obtain signi cant information on the phase dependency of the cardiac pacemaker's sensitivity using neck suction experiments. discussion Phase response curves. We investigated the in uence of respiratory and cardiac phases at the beginning of short neck suction impulses on the response of P-P intervals. Taking into account a time delay of about 0.35 seconds between the onset of a stimulus and the rst observable e ect on the cardiac pacemaker, the change of P-P interval was maximal when the baroreceptor stimulus (shifted by the baroreceptor latency) was initiated near the rst P-peak at the beginning of the cycle and minimal shortly before the second P-peak at the end of the cycle. Furthermore, the e ect was maximal during mid-expiration and minimal at early inspiration. These results are in accordance with those of previous studies (5, 6, 8) .
As a new result, we have shown that the phase response curve depending on both respiratory and cardiac phase can be represented by the product of two factors, each depending only on one phase. These two factors are proportional to the respiratory phase response curve and to the cardiac phase response curve, respectively. Such a separation of variables is consistent with the hypothesis that e erent vagal activity is a function of a erent baroreceptor activity, while respiratory neurons modulate medullary throughput independent of the cardiac phase.
In uence of nite stimulus duration. We investigated the in uence of the nite duration of baroreceptor stimuli on the outcome of neck suction experiments. We had to make some assumptions for our calculations. The most critical of these is the assumption of a linearly accumulating change of P-P interval in Eq. 10. Such a linear convolution integral is only an approximation which breaks down if stimuli are strong enough to drive the trajectory of the cardiac pacemaker far away from its limit cycle. For example, it was shown by Wanzhen et. al (18) in both a theoretical study of the Poincar e oscillator and an experimental investigation of oscillating chick heart cell aggregates that paired stimuli may induce strong resetting of an oscillator, while a single stimulus of the same amplitude only induces weak resetting. Such a topological transition of phase resetting cannot be explained by a linear approximation. However, to our knowledge strong phase resetting has not been observed in neck suction experiments, i.e. changes of vagal activity provoked by neck suction are not strong enough to induce topological changes of the cardiac pacemaker's phase resetting. In other words, the amplitude of stimuli seems to be low enough to justify a linear approximation.
To summarize, the appropriateness of a linear convolution integral depends on how far the stimulus drives the trajectory of the cardiac pacemaker away from its limit cycle, and how strong the nonlinearity in that range actually is. Without this knowledge, the best one can do is to use a linear convolution integral as a rst approximation.
Nonetheless, our calculations show clearly that the nite duration of baroreceptor stimuli is of considerable importance for the interpretation of results from neck suction experiments. In particular, the measured dependency of responses on the cardiac phase seems to be caused mainly by stimulus broadening and stimulus cropping at the end of the heart cycle. The measured responses can be explained by completely di erent shapes for the in uence of the cardiac phase on the pacemaker's sensitivity to vagal stimulation. Hence, the measured data seem to contain no signi cant information about this phase dependency. In other words, our results suggest that neck suction experiments alone are not suitable for the determination of the phase dependency of the cardiac pacemaker's sensitivity to vagal stimulation. An investigation of this phase dependency requires very sharp stimuli like those of Yang et al. (19) who used direct electric stimulation of the vagal nerve.
Methods for data processing. We used several mathematical methods to extract our results from the raw data. This makes it necessary to test the appropriateness of these methods. Let us take some data of a subject during controlled breathing without baroreceptor stimulation. We change these data to simulate neck suction using the phase response curves from Fig. 8c . Subsequently, we apply our data processing methods to the altered data. If the resulting phase response curves are to a reasonable degree similar to the curves used for the simulation, our data processing is appropriate. The raw data are from an eighth subject. For this subject, we have data only during controlled breathing without baroreceptor stimulation. We generate a time series of stimulation events (i.e., the onset of neck suction) using the same stimulation regime as in the real experiments. For each of these events, we determine its timing within the respiratory and the cardiac cycles. Subsequently, we use the curves from Fig. 8c to determine the delays of the rst and second following heart beats according to a stimulus with this particular timing. We shift all P-peaks following and including the rst heart beat after the onset of stimulation by the just determined delay of the rst P-peak. All P-peaks following and including the second heart beat after the onset of stimulation are additionally shifted by the delay of the second heart beat. In other words, we shift the right part of the time axis of the original time series to simulate a response to the stimulus. To be consistent, we also have to apply this transformation of the time axis to the respiratory data. This is necessary to keep the phase relationships between respiration and respiratory sinus arrhythmia. Figure 10 shows a comparison of the phase response curves from the real stimulation experiments (same data as in Fig. 8c ) with the phase response curves obtained from the processing of the simulated data. Both surfaces are very similar.
To test that none of the determined phase response curves is just an e ect of our data handling, we analyzed the same data without simulation of stimulus responses and calculated the corresponding phase response curves. If our data processing methods are appropriate, the latter should be zero. The amplitudes of the phase response curves without baroreceptor stimulation are indeed negligible with respect to the phase response curves with stimulation.
To summarize, our methods for data processing are able to extract the phase response curves from the raw data without signi cant distortions of these curves and without the introduction of signi cant systematic errors.
Limitations. This study is restricted to one respiratory frequency (15/min), and one stimulus strength (70 mmHg) and duration (0.35 s). To obtain a su cient number of points for each of the forty classes, we had to apply about 800 stimuli to each subject. A study changing the above parameters would require a multiple of that amount. It is di cult to insure constant conditions for an experiment extending over several weeks. For example, subjects began to feel uncomfortable after the third day of neck suction. In summary, our results show that it is possible to separate the in uences of respiratory and cardiac phases at the onset of a neck suction impulse on the P-P interval prolongation by a product statement, which is consistent with the hypothesis that e erent vagal activity is a function of a erent baroreceptor activity, while respiratory neurons modulate that medullary throughput independent of the cardiac phase. Furthermore, we have shown that stimulus broadening and stimulus cropping in uence the outcome of neck suction experiments in a way that makes it virtually impossible to obtain information on the phasedependency of the cardiac pacemaker's sensitivity to vagal stimulation without very accurate knowledge of the functional shape of stimulus broadening.
appendix i
Derivation of the normalization constants in Eq. 8. (15) appendix ii
De nition of the functions used for modeling the in uence of nite stimulus duration. For the baroreceptor activity due to a stimulus of duration we use s I (t) = These are the values which gave the best t of the measured phase response curve for rectangular baroreceptor activity s I (t) and for a phase-independent sensitivity of the cardiac pacemaker f I (t). (c) Functions f I (t) and f II (t) used for modeling the cardiac pacemaker's sensitivity to vagal stimulation. f I (t) is depicted for A = 0:2, while f II (t) is depicted for A = 5:7. These are the values which gave the best t of the measured phase response curve for rectangular baroreceptor activity s I (t) and Gaussian stimulus broadening g I (t). for t ? > (18) The parameter is the mere conduction delay between baroreceptors and the cardiac pacemaker, is the time between rst and maximum response to an in nitely short impulse (Delta-impulse), and is a measure for the width of the response to a Delta-impulse. 
The meaning of the parameters is the same as above. Figure 11b shows g I (t) and g II (t) for parameters which give the best t to the measured data. P-P interval (P < 0:01). This is considerably longer than the delay of 0.24 s determined by Eckberg who measured baroreceptor activity with neck suction in (4) . The discrepancy between the two values is partially due to di erent de nitions of the term barore ex latency. Borst and Karemaker de ne latency as the time between stimulus onset and rst signi cant e ect on the cardiac pacemaker, while Eckberg de nes latency as the time between stimulus onset and the very rst e ect on the P-P interval, which should usually occur before the rst signi cant e ect. To determine the value for the latter de nition of barore ex latency, Eckberg uses stimuli of decreasing time between stimulus onset and following P-peak and extrapolates the obtained curve of P-P interval changes to get the delay for a prolongation of zero, which is then de ned as the latency.
One should use the same de nition of latency if one juxtaposes values determined by di erent authors. Therefore, we apply Eckberg's de nition of barore ex latency to Borst and Karemaker's data to make their results comparable.
Borst and Karemaker used two di erent methods to estimate the barore ex latency. The rst method was according to Koepchen et al. (9) . Figure 12 shows the raw data adapted from Fig. 3 in (1) . If the time between stimulus onset and the anticipated following P-peak t St!P a is less than the barore ex latency (according to Eckberg) , there is no e ect on P-P interval. However, if this time is greater than the latency, heart period prolongation should be roughly proportional to the part of the stimulus that in uences the current heart cycle. Therefore, we extrapolate the steep part of the the curve in Fig. 12 linearly to get the delay between stimulus onset and anticipated P-peak for which the e ect on heart period becomes zero. This yields a value of 390 30 ms ( S.E.) for Eckberg's de nition of the barore ex latency. Borst and Karemaker's second method involves the method of cumulative sums (cusums) (14) . The disturbed P-P interval I n+1 was compared with the preceding undisturbed interval I n . Without stimulation, the probability for I n+1 being greater than I n is 0.5. The excess over that probability was determined for stimulated intervals. The cumulated excess was plotted versus the time between stimulus onset and anticipated P-peak. Baroreceptor latency was determined as the time for the rst signi cant deviation of cumulative excess from zero. To apply Eckberg's de nition of latency to the method of cumulative sums, we theoretically estimate the shape of cumulative excess.
The idea is quite simple: if t St!P a is slightly larger than the barore ex latency, the stimulus is cropped: only a part of the stimulus can contribute to the prolongation of the considered P-P interval. Hence, the excess is less than for those P-P intervals which are in uenced by the entire stimulus. This causes a smaller slope of the cumulative excess for t St!P a which are only slightly larger than the latency.
To model this in uence, we make the following assumptions: (1) The P-P interval is noisy. The noise variable is Gaussian distributed around the mean heart period with a standard deviation . (2) The average prolongation t pp of the disturbed interval is proportional to the part (or duration) of the stimulus that falls within the current P-P interval. The proportionality constant a is the barore ex sensitivity. To take into consideration that the impulse is delayed when it a ects the cardiac pacemaker, we shift the time axis by a latency . (3) The stimulus duration is 300 ms as used by Borst and Karemaker.
We do not take into account that the e ect of one mmHg s of integrated baroreceptor stimulation is not constant but depends on its timing within the cardiac cycle. An approach including this dependency is much more complicated and does not alter the general statement that the latency determined by the rst signi cant increase of the cumulative excess is longer than the latency between stimulus onset and rst e ect on the cardiac pacemaker.
With the three above assumptions we calculate the cumulative excess. The P-P interval prolongation depends on the time = t St!P a + ? , which is the part of a stimulus which is within the considered P-P interval: PP = + The excess E(t St!P a ) is de ned as the di erence between the probability of P-P interval prolongation and the probability of P-P interval shortening: With Eqs. 27{29 we calculate the cumulative excess. These equations contain three free parameters: the standard deviation of noise , the barore ex latency , and the barore ex sensitivity a. We use Powell's method (15) to determine the parameters which give the best t (in the sense of least squares) to Borst and Karemaker's experimental data. They are = 51 ms, = 406 ms, and a = 0:54. Figure 13 shows the cumulative excess calculated using Eqs. 27{29 for this set of parameters and the cumulative excess determined experimentally by Borst and Karemaker. Borst and Karemaker did not publish the standard deviation of P-P intervals for their subjects. However, in our experiments the standard deviation ranged from 17 ms to 121 ms for the di erent subjects with an average of 54 ms. This is well in accordance with the value of 51 ms determined by the model. The barore ex latency of 406 ms according to Eckberg's de nition is considerably shorter than the value of 550 ms advanced by Borst and Karemaker. The cause for the deviation of the theoretical curve from the experimental curve for short intervals t St!P a is unclear.
In summary, both methods give a value of about 400 ms for Eckberg's de nition of barore ex latency. Although this is 150 ms less than the latency due to Borst and Karemaker, it is still 160 ms longer than the value of 240 ms determined by Eckberg. A possible explanation for this discrepancy is that the authors used di erent groups of subjects. Eckberg studied young healthy subjects, while Borst and Karemaker investigated patients with coronary heart disease.
